In crown restoration, it is important to understand the internal anatomical feature of each tooth, as the morphology of human deciduous teeth is particularly complex. The purpose of this study was to clarify threedimensionally the topographic relationship between the crown contour and the pulp chamber of the mandibular first deciduous molars using a micro-CT system. Fifteen mandibular first deciduous molars obtained from the dried skulls of Indian children in the deciduous dentition period were used as specimens. Three-dimensional reconstructed images were reproduced by combining the two-dimensional slice imaging data using a micro-CT system. Crown contours and shapes of the pulp chamber were observed from various directions. In addition, the thickness of tooth substance at each pulp horn was also measured. In observations of the topographic relationship between the crown contour and the pulp chamber, the pulp horn of the mesiobuccal pulp chamber was found to project the most to the cusp side. The distance between the pulp horn and enamel surface was also shortest (2.45±0.30 mm) in this region. Furthermore, in teeth with a deep, wide trigonid notch, the lateral wall of the mesiobuccal pulp chamber projected in the mesial direction. These results suggest that in preparation of cavities in mandibular first deciduous molars, close attention must be focused on pulp exposure in the pulp horn of the mesiobuccal pulp chamber. In addition, the lateral wall of the mesiobuccal pulp chamber should be noted in teeth with the deep, wide trigonid notch. crown surface. It is also important to understand the thickness of the tooth substance at each pulp horn. However, because the contours of the crown of the mandibular first deciduous molars do not resemble those of the permanent teeth and other deciduous teeth, it is difficult to understand the morphology of the inner pulp chambers.
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Studies on the topographic relationship between the contour of the crown and the pulp chamber have been performed, but observation has typically been two-dimensional and obtained via X-rays 2) or sliced specimens 3) 
Introduction
In deciduous teeth, it has been reported that the tooth substance (hard tissue) is thinner and the pulp horns are more pointed than in permanent teeth 1) . When coronal restoration of deciduous teeth is performed, appropriate cavity preparation with no pulp exposure is required in accordance with these characteristics. Therefore, in addition to the locations of the pulp horns, it is important to correctly understand the morphological properties of the deciduous crown and to be able to visualize the three-dimensional morphology of the inner pulp chamber from the Key words Mandibular deciduous molar, Micro-CT, Pulp chamber, Three-dimensional observation, Trigonid notch morphometric data because these methods involve a continuous series of sections examined by light microscopy and subsequently reconstructed. These methods are also destructive for the samples, and material losses occur during the preparation of sections [4] [5] [6] . Thickness of the tooth substance of deciduous teeth has been reported, but these papers were only related to the thickness of enamel or dentin 7, 8) . Studies on the measurement of the distance from the enamel surface to the pulp chamber and metrical characteristics of coronal pulp chamber have been reported for the permanent teeth 9, 10) , but no such studies on deciduous teeth have been published. Therefore, the crown contours and inner pulp chamber morphology were observed in three dimensions from various directions using micro-CT system, which has high resolution for crowns of the mandibular first deciduous molars and permits nondestructive three-dimensional observations from any direction. This study was focused on the morphology of the pulp chamber; especially the morphology of the pulp horns and their topographic relationships to the crown contour of the mandibular first deciduous molar. In addition, we attempted morphological analysis and made objective evaluations.
Materials and Methods
Study samples were 15 mandibular first deciduous molars. Teeth were macroscopically caries free with little attrition extracted from the dried skulls of Indian children in the deciduous dentition period on the occlusal line from the central deciduous incisor to the second deciduous molar. These teeth were scanned by using micro-CT system (HMX-225 Actis4, TESCO, Tokyo, Japan). The micro-CT system consists of an imaging device and a computer, which performs the calculations. The imaging device consists of an X-ray generator, a 360° rotating specimen stage and an X-ray detector. During imaging, the tooth specimen was placed with the tooth axis vertical to the platform. Imaging conditions were as follows: tube voltage, 100 kV; tube current, 120µA; focal spot size of X-ray generator, 5µm; magnification, ×10; and slice thickness, 50µm. The detector was equipped with an image intensifier measuring 4 inches and a 1 inch CCD camera with a scanning line of 1,024×1,024. The camera generated raw data comprising 250 two-dimensional images.
Three-dimensional reconstruction was performed using 250 two-dimensional images processed by TRI/3D-BON software (RATOC, Tokyo, Japan). After different colors were applied to the pulp chamber, dentin and enamel in the three-dimensional reconstructed images to facilitate identification of each part, only the pulp chambers were sampled and observed from various directions. The enamel and dentin were rendered transparent and the topographic relationship between the contour of the crown and the pulp chamber was observed from various aspects.
The thickness of the tooth substance in each horn of the pulp chamber, optional sections in parallel with the tooth axis passing through the pulp horns were set on the three-dimensional reconstructed images. The distance between each pulp horn and enamel surface was calculated. The calculated value was analyzed among the related four groups by Friedman test which is a non-parametric test for a difference in central location (median) between two or more paired samples. A significant level was set at 0.01.
Results
In this study 15 mandibular first deciduous molars were used for morphological observations. Most of the sample teeth, 11 of 15, had four cusps: the mesiobuccal cusp, mesiolingual cusp, distobuccal cusp and distolingual cusp. The other four had five cusps, with a distal cusp between the distobuccal cusp and distolingual cusp. However, this distal cusp was not located in the middle between the distobuccal cusp and distolingual cusp, but was adjacent to the distobuccal cusp. The heights of the mesiobuccal cusp and mesiolingual cusp were about the same, and these two cusps were higher than the distal cusps. Furthermore, near the cervical portion on the mesiobuccal surface of the crown, the projecting mesiobuccal ridge was clearly observed (Fig. 1) .
One feature of the mandibular first deciduous molars was a trigonid notch observed between the mesiolingual cusp and mesiomarginal ridge. The shape of this trigonid notch was not uniform and a shallow, narrow type of trigonid notch (Fig. 2) and a deep, wide type (Fig. 3) were observed. In the deep and wide trigonid notch type, mesiodistal diameter of crown was longer than in the shallow, narrow notch type.
For detailed observation of the morphology of the inner pulp chambers, only the pulp chambers were obtained from the three-dimensional reconstructed images, and were observed from various directions. The morphology of the pulp chambers closely matched the crown contours. The number of pulp horns also matched the number of cusps, with four horns in teeth with four cusps and five horns in teeth with five cusps. The distal pulp horns corresponding to the distal cusps were also continuous with the distobuccal pulp horn and the size and height both decreased (Fig. 4, corresponding to Fig. 1 ). Figure 5 shows the morphology of the pulp chamber in Fig. 2 (shallow and narrow trigonid notch type), while Fig. 6 shows that of the pulp chamber in Fig. 3 (deep and wide trigonid notch type). In both Fig. 5 and Fig. 6 , the mesiobuccal pulp horn showed the greatest projection and the largest pulp horns. The lateral wall of the mesiobuccal pulp chamber also projected onto the medial side in Fig. 6 .
In order to understand the topographic relationship of the crown contours and pulp chamber threedimensionally, the enamel and dentin, hard tissues covering the pulp chamber, were rendered transparent and observed from various directions. The results showed the greatest projection of the pulp horn in the mesiobuccal cusp and penetration in the direction of the cusp apex. Moreover, in the deep, wide trigonid notch type, the lateral wall at the mesiobuccal pulp chamber showed marked projection on the mesial side and was closest to the enamel surface in this region (Fig. 7) .
The thickness of the tooth substance (distance between pulp horn and enamel surface) at each pulp horn was as follows: mesiobuccal pulp horn (MBp), 2.45±0.30 mm; mesiolingual pulp horn (MLp), 2.90±0.29 mm; distobuccal pulp horn (DBp), 2.68 ±0.21 mm; distolingual pulp horn (DLp), 2.72± 0.26 mm. A significant difference on thickness of tooth substance was found among the four groups (Friedman test; P<0.01). The thickness in the mesiobuccal horn was less than that of the other regions (Fig. 8) .
Discussion
To date, the internal morphology of teeth has generally been studied by means of radiographs 2,9,10) and serial sections 6, 11) . However, these methods had some problems such as unclear images or destructions of samples. Also, three-dimensional observation was required to obtain accurate data without destroying the specimens. Under these conditions, micro-CT system was introduced in this field. Then, this system has been widely used for the research works of the internal structure of root canals [12] [13] [14] [15] that cannot be seen by direct vision. Recently, micro-CT system is also applied to understanding the morphology of the crown [16] [17] [18] . However, there have been few reports on three-dimensional observations of the pulp chamber The mesiobuccal horn demonstrated a most decreased thickness. MBp: mesiobuccal pulp horn; MLp: mesiolingual pulp horn; DBp: distobuccal pulp horn; DLp: distolingual pulp horn in deciduous teeth or the topographic relationship between crown contours and the pulp chamber 19, 20) . Especially, the reports on mandibular first deciduous molars, which were used as samples in this study, have not been published.
Two-dimensional slice imaging data of horizontal sections obtained with a micro-CT system can clearly discriminate among enamel, dentin and pulp chambers with different levels of calcification. Therefore, the enamel, dentin and pulp chambers forming the dental crown are extracted independently and three-dimensional reconstruction is possible. This image also make possible to observe morphology from various directions and cutting through arbitrary planes.
In this study, the projection of the mesiobuccal horn and the lateral wall of the mesiobuccal pulp chamber projecting to the mesial side were observed from various directions.
Amano et al. 19) observed the morphology of the pulp chamber in maxillary second deciduous molars in the deciduous dentition and mixed dentition stages and reported greater changes in the morphology of the mesiolingual and distolingual pulp horns corresponding to the functional cusps. Therefore, the mandibular first deciduous molars in the present study were used in the deciduous dentition period in order to avoid the effects of attrition.
Philippas 21) examined the effects of attrition and aging to the formation of the secondary dentin and the size of the pulp chamber in mandibular first molars. The results showed that aging had a greater effect than attrition on the formation of secondary dentin. Secondary dentin was not added uniformly to the inner surface of the dentin. The dentin at the floor of the pulp chamber and the mesial and distal walls of dentin increased in thickness with increasing age. However, attrition of the deciduous teeth progressed rapidly and addition of tertiary dentin was reported to be marked 22) . Even though teeth without apparent attrition were used in this study, the height of the mesiobuccal pulp horns were significantly higher than that of the mesiolingual pulp horns. This result suggests the possibility that the mesiolingual cusp receives the functional force.
Deciduous teeth are said to have primitive characteristics. The trigonid notch expressed specifically in mandibular first deciduous molars is one of these primitive characteristics. Trigonid notches were observed in all 15 mandibular first deciduous molars used in this study, and these notches can be roughly classified into the deep, wide type and the shallow, narrow type. In teeth with the deep, wide trigonid notch, the inner pulp chamber is narrower on the buccolingual side and more extended mesiodistally than in teeth with the shallow notch. Moreover, the mesiobuccal pulp horn was wider mesially and projected mesially. Cavity preparation in pediatric dental treatment is generally made on mesio-occlusaldistal surface of the tooth crown. Therefore, it is necessary to pay attention to the mesiobuccal pulp horn and the morphology of the trigonid notch during cavity formation.
